The salt of the radical cation of 2,2'-bis-l,3-dithiole (TTF) and the radical anion of 7,7,8,8-tetracyanoquinodimethane (TCNQ), C18HaN4S4, crystallizes in the monoclinic system, space group P2~/c, with cell constants: a= 12.298 (6), b=3"819 (2), c= 18"468 (8) /~, fl= 104"46 (4) °, Z=2, Dm= 1"62 (1) and Dc=1"615 g cm -3. Intensities for 1373 independent reflections were collected on an automated diffractometer. The structure was solved by standard heavy-atom methods and has been refined by fullmatrix least-squares calculations to an R value of 0"044. The TTF radical cations and the TCNQ radical anions form homologous columnar stacks with interplanar spacings of 3.47 and 3.17 A, respectively. The dihedral angle between the least-squares planes of the cations and the anions is 58.5 ° and is approximately bisected by [010].
Introduction
Research in the field of high-conductivity organic salts has been extensive and intensively pursued in the last few years (Shchegolev, 1972) . Stable radical anion salts derived from 7,7,8,8-tetracyanoquinodimethane (TCNQ) have been of considerable importance in these studies (Melby, Harder, Hertler, Mahler, Benson & Mochel, 1962) . High conductivity for organic salts of TCNQ is usually on the order of 102 ohm -1 cm -1. Recently, Ferraris, Cowan, Walatka & Perlstein (1973) reported that the newly synthesized complex of TTF (2,2'-bis-l,3-dithiole) and TCNQ had a maximum conductivity of 104 ohm -I cm -~ at 66°K. Qualitatively, the data show a semiconductor to metal transition at the critical temperature. Further experiments by Coleman, Cohen, Sandman, Yamagishi, Garito & Heeger (1973) revealed that a few 'anomalous' crystals of TTF-TCNQ exhibited an even higher conductivity [O'58OK> 106 ohm -1 cm -~ with a slope (da/dT) which is apparently divergent]. They interpreted these data as arising from superconducting fluctuations (paraconductivity). Both groups suggested that the transition to an insulating state near 60°K was the result of crystal distortion or a structural change. Recent microwave experiments on TTF-TCNQ do not indicate paraconductivity (Bloch, Ferraris, Cowan & Poehler, 1973) as suggested by the earlier four-probe conductivity measurements (Coleman et al., 1973) . However, as Coleman et al. (1973) have stated, 'the data indicate that the divergent behavior is characteristic of only rare microscopically perfect crystals of (TTF) (TCNQ)'. Thomas (1973) has recently predicted that structural imperfections (dislocations, stacking faults, planar faults from homogeneous shear) can render superconductivity unattainable. In fact, most crystals of TTF-TCNQ (see below) may contain such crystalline imperfections, and this may account for the inability to reproducibly observe the 'fluctuating' superconductivity of Coleman et al. (1973) .
We have determined the crystal structure of TTF-TCNQ in order to provide a sound basis for further, more quantitative, analysis of the relationship between the three-dimensional arrangement of the radical cations and radical anions and the high conductivity of this material. A preliminary report of the structure has appeared (Phillips, Kistenmacher, Ferraris & Cowan, 1973) .
Experimental
Crystalline samples, obtained from saturated acetonitrile solution, were prepared by Mr John Ferraris of these laboratories. A single crystal suitable for X-ray examination was found with some difficulty, since many of the crystals showed twinning on optical or X-ray examination. Several of the specimens also exhibited steps and striations along the (001) face of the crystal. Finally, a crystal with dimensions 1.1 x 0.25 x 0.04 mm, along b, a*, and c, respectively, was used for intensity-data collection. The single crystal appeared free of stepping and striation upon preliminary examination. However, deformation problems were apparently not completely absent even in this crystal (see below). Oscillation and Weissenberg photographs were consistent with the monoclinic space group P21/c. Unit-cell dimensions were obtained from the 20, rn, and Z values of 14 reflections on the diffractometer. The density was measured by flotation in a bromoform-chloroform mixture. The crystal data are summarized in Table 1 . '-bis-l,3-dithiole-7,7, 8,8- Intensity measurements were made on a Syntex PT computer-controlled diffractometer with a graphite monochromator. The prism axis (b) of the sample crystal was tilted relative to the (0 axis. Intensity data were collected with Mo K~ radiation by the 0-20 scan technique. Individual scan speeds were determined by a rapid scan at each Bragg peak, and the rate of scanning varied from l°/min to 24°/rain. Three standard reflections were measured frequently during the time of the experiment, and their intensities showed no unusual fluctuations or decay with time. All reflections in the octants hkl and hkl out to 20= 55 ° were collected; these totaled 1490 independent reflections of which 61 had net intensities less than zero. These 61 reflections were assigned F's and og(F)'s equal to zero. The remaining 1429 reflections were assigned observational variances on the basis of the following formula:
where S, Ba, and B 2 are the scan and background counts in times Ts and Ts. Intensities and their standard deviations were corrected for Lorentz and polarization effects, but not for absorption (p= 5.6 cm-1).
Solution and refinement of the structure
The two sulfur atoms in the asymmetric unit were located from an analysis of an unsharpened threedimensional Patterson synthesis. Previous two-dimensional work on the structure by Daly, Wilson & Sanz (1973) had been communicated to us, and this information was useful in the interpretation of the threedimensional map. A Fourier synthesis based on the signs derived from the location of the two sulfur atoms revealed the remaining heavy atoms in the asymmetric unit (e=7.llfol-If¢ll/Ylfol=O'18). Five cycles of full-matrix least-squares refinement, the quantity minimized being Z, co(IFol-IFcl) z, lowered R to 0.13.
A detailed scan of the individual o~(AF)2's at this stage showed that the hOl reflections (a total of 128 reflections) had excessively high values. The data-collection output indicated that these reflections were not centered in the counter during the data scan. We have attributed this to shear deformations in the crystal (the fit of Fo to F¢ became increasingly better as h increased). These reflections were removed from the data set, and two subsequent cycles of isotropic least-squares lowered R to 0.086. At this point a difference Fourier map was calculated, and the four hydrogen atoms in the asymmetric unit were located and assigned iso-tropic temperature factors of the atom to which they were attached. Four further cycles of refinement, with anisotropic temperature components for the sulfur atoms refined, led to final R indices of 0.044 (excluding zeros) and 0.046 (including zeros). The final weighted R value [(~og(Fo-Fc)2/~ogF2) 1/2] and goodness-of-fit [(r, og(Fo-F¢)Z/(n-p)) 1/2] for 17=1306 observations of non-zero weight and p = 63 are 0.052 and 2.1, respectively. The maximum shift over error for any parameter was 0.5. The quantity (og(AF) 2) showed no unusual dependence on [Fol or (sin 0)/2. The scattering factors for S, C, and N were taken from the compilation of Hanson, Herman, Lea & Skillman (1964) . The scattering curve for H was that of Stewart, Davidson & Simpson (1965) . Final atomic parameters are collected in Table 2 .* (2) 5918 (6) 1898 (1) 3.57 (5) N(2) 7482 (2) 6204 (6) 1902 (1) 3-44 (5) C(1) -12 (2) -3415 (7) 1598 (2) 2.91 (5) C(2) 1072 (2) -3415 (7) 1622 (2) 2.82 (5) C(3) 114 (2) -766 (6) 346 (1) 2-31 (4) C(4) 4593 (2) 5098 (7) 1657 (1) 2.25 (4) C(5) 6574 (2) 5247 (7) 1656 (1) 2.29 (4) C(6) 5469 (2) 4077 (6) 1319 (1) 2"07 (4) C (7) 5241 (2) 2048 (6) 666 (1) 1"89 (4) C(8) 4116 (2) 918 (6) 314 (1) 2"03 (4) C(9) 6107 (2) 1029 (6) 
S(I)
314 (5) 4935 (55) 226 (2) 26 (11) 83 (2) 98 (8) S(2) 279 (5) 4918 (55) 233 (2) 82 (11) 43 (2) 121 (8) Discussion
Molecular geometry
Drawings of the TTF radical cation and the TCNQ radical anion are shown in Figs. 1 and 2, respectively; interatomic distances and angles are also given in these figures. Estimated standard deviations (e.s.d.'s) are in the range 0.003 A (S-C), 0.003-0.004/k (C-C, C-N) and 0.2-0.3 ° for the bond angles.
* Observed and calculated structure factors have been deposited with the British Library Lending Division as Supplementary Publication No. SUP 30293 (11 pp., 1 microfiche). Copies may be obtained through the Executive Secretary, International Union of Crystallography, 13 White Friars, Chester CH 1 1 NZ, England.
The molecular symmetry of the TTF cation (required to be at least T) is nearly m, with S(1)-C(1) and S(2)-C(2) differing by about three e.s.d.'s. The TTF radical cation is not as planar as one might expect from its pseudo-aromatic character [ Table 3 , plane (a)]; conversely, it has assumed a molecular conformation nearly identical with that found in the neutral molecule (Cooper, Kenney, Edmonds, Nagel, Wudl & Coppens, 1971) . The two halves of the fulvalene ring system are slightly distorted in anti-envelope conformations giving rise to an overall chair conformation for the molecular ion. The central plane of the molecule [defined by atoms S(1), S(2), C(3) and their centrosymmetric equivalents, plane (b), Table 3 ] is extremely planar with a maximum deviation of 0.0009 A (0.007 A in neutral TTF). The exterior plane [defined by S(1), S(2), C(1) and C(2), plane (c), Table 3 ] makes an angle of 2.2 ° (2-1 ° in neutral TTF) to the central plane. This exterior plane and its centrosymmetric mate lie some 0.118 A (0.116 A in neutral TTF) apart. Table 4 gives a detailed comparison of the dimensions found here for the TTF radical cation and those 
Some least-squares planes and deviations (A)
In each of the equations of the planes, X, Y and Z are coordinates (/~,) referred to the orthogonal axes a, b and c*. The atoms used to define the plane have been equally weighted.']" (a) TTF molecular plane (0.0171 X-0.9093 Y-0.4157Z = 0-0) S(1), S(1)' +,-0.023 C(1), C(1)' -, +0.015 S(2), S(2)" +,-0.021 C(2), C (2) carbon distances are significantly longer than the sulfur to exterior-carbon bond lengths; (ii) the bond lengths C(1)-C(2) and C(3)-C(3') are both longer (0.01 and 0.02 A, respectively) in the cation. There are essentially no significant differences in bond angles between the neutral and ionized species. Although we have not attempted a quantitative interpretation of these results, the trend observed in the transition from the neutral molecule to the 'delocalized' radical cation would seem qualitatively to be in the correct direction. Table 4 
. A comparLvon of the bond lengths and angles in TTF and TTF-TCNQ
TTF-TCNQ* TTFI" S(1)-C(1) 1.740 ( The dimensions of the TCNQ radical anion (Fig. 2 ) are, in general, in good agreement with the results of other structure analyses (Herbstein, 1971; Hoekstra, Spoelder & Vos, 1972) . Table 5 gives a comparison of our averaged molecular dimensions, mmm molecular symmetry, with those compiled by Herbstein (1971) for TCNQ -°'5 and TCNQ-1; the agreement between our values and those for TCNQ -~ is good. Assignment of about -1 charge to the TCNQ residue (and concurrently about + 1 charge to the TTF cation) is consistent with the observed molecular dimensions, the crystal packing to be discussed later, and spectroscopic data from these laboratories .
Typically, the TCNQ anion is nearly planar, especially the quininoid nucleus, plane (d), Table 3 . The cyano groups lie somewhat out of this plane, but this is not unusual (Herbstein, 1971) . The overall planarity of the TCNQ ion can be ascertained from plane (e), Table 3 .
Crystal packing and molecular stacking
The crystal structure is dominated by homologous stacks of cations and anions parallel to the short b axis. Packing views down [010] and [100] are given in Figs.  3 and 4 . The normal to the TTF molecular plane is tilted 24.5 ° with respect to the b axis. The interplanar Table 5 . A compar&on of the bond lengths and angles in mmm molecular symmetry) stacking distance is 3.47 A [compared to 3.62 A for neutral TTF with a similar, but less symmetric molecular overlap (Phillips et al., 1973) ]. The tilt of the TCNQ molecular plane with respect to the b axis is 34.0 °, and opposite in direction to the tilt of the TTF cation, see Fig. 4 . The TCNQ interplanar stacking distance is 3.17 A which represents the shortest reported distance for columnar stacking of TCNQ anions. The 'ringdouble bond' overlap of molecular planes is characteristic of both the cation and anion stacking (Figs. 5 and 6) . This mode of stacking of the TCNQ anion is relatively common (Herbstein, 1971) . There are no unusually short interatomic contacts in the structure (Table 6 ).
In order to illustrate the uniqueness of the TTF-TCNQ structure, we compare it to the following previously determined structures: l+x,-l+y,z;  (f) l+x,l+y,z; (g) -x,-1-y,-z; (h) 1-x,l--y,-z; (i) -x,½+Y,½-z; (j) 1-x,½+y, ½-z; (k) 1-x,-½-+Y,½-z; (l) 1-x,~+y,½-z" (s) contacts involved in the stacking of TTF or TCNQ molecular ions. (Hanson, 1965) ; N-methylphenazinium (NMP)-TCNQ (Fritchie, 1966) ; N,N'-dimethylbenzidazolium (NNDB)-TCNQ (Chasseau, Gaultier & Hauw, 1972) ; N,N'-dimethyldihydrophenazinium (DMPH)-TCNQ (Goldberg & Shmueli, 1973) . In selecting the above four structures to compare to TTF-TCNQ, we have employed the following criteria: (i) the salt must have a 1:1 cation-to-anion ratio, (ii) the donor molecule is completely organic and nominally fiat, (iii) there is some evidence that the ground state, i.e. the crystalline state at room temperature, is at least partially ionic in character. The dominant features of the above four structures are summarized in Table 7 . Consideration of the results presented in Table 7 suggests three important ways in which TTF-TCNQ differs from the 'normal' cation-TCNQ salt: (1) the interplanar spacing in the homologous TCNQ columns is nearly 0.10 A less than that in NMP-TCNQ. The effect of this interplanar shrinkage on the band energy gap should be significant (Anderson, Lee & Saitoh, 1973) ; (2) TTF-TCNQ is the only system in which the cations are capable of electrical conductivity in the ground state; the similarity in the columnar stacking of the TTF cations and the TCNQ anions suggests that the TTF columns play an integral part in the observed macroscopic conductivity; (3)the TTF-TCNQ structure is the only one in which the The structure factor and Fourier calculations were performed with the X-RAY 67 system of programs of Stewart (1967) . The least-squares calculations were computed with a modified version of the ORFLS program of Busing, Martin & Levy (1962) . All the remaining computations were done with locally written programs.
Introduction
L'6tude structurale du complexe K5(UO2)2F 9 fait partie d'un projet d'6tudes men6es au laboratoire dans le but de mettre en 6vidence de nouveaux types d'ions complexes foIm6s par l'ion uranyle avec des ions halog6nures. Ce complexe est un des compos6s d6finis du syst~me ternaire KF-UO2F2-H20 (Sergienko & Davidovich, 1968) . Nous nous proposons de d6crire ici sa structure.
Techniques et m6thodes exp6rimentales
L'appareillage utilis6 se compose d'un g6n6rateur de rayons X Philips PW 1010 muni d'une anticathode de molybdbne, d'un goniom&re de Weissenberg et d'une chambre de pr6cession de Buerger. Les cristaux que nous avons obtenus sont mad& pour la plupart et ont des dimensions tr~s faibles, de l'ordre de 0,1 mm. C'est pourquoi, il nous a 6t6 difficile de leur donner la forme sph6rique souhaitable pour une correction rigoureuse
